Background: SodA is an important virulence factor in Borrelia burgdorferi. Results: This SodA requires extraordinarily high intracellular manganese for activity, and accumulates as either manganese or apoprotein, but not iron-bound. Conclusion: B. burgdorferi SodA is a unique Mn-SOD based on metal requirements and predicted structure. Significance: B. burgdorferi pathogenicity may be controlled by exploiting the unusual properties of SodA.
INTRODUCTION
Superoxide dismutases (SOD) represent families of metal-containing enzymes that catalyze the disproportionation of superoxide to hydrogen peroxide and oxygen. One family includes the Mn-and Fe-SOD enzymes that are well conserved from archaea to humans (1, 2) . The manganese versus iron binding forms of this family are highly homologous to one another and can bind either metal with similar geometries and metal binding affinities (3) (4) (5) (6) (7) . Yet Mn-SODs are only active with manganese bound, and substitution with iron in the active site will destroy catalytic activity, largely due to disruption of redox potential. The converse is true with Fe-SODs: manganese binding inactivates the enzyme (8, 9) . It is therefore critical that these SODs only capture their correct cofactor.
Most organisms are "iron-philic" and accumulate high micromolar to near millimolar levels of iron to catalyze a variety biochemical processes (10) (11) (12) . Iron accumulation is typically one to two orders of magnitude higher than manganese, and based on the Irving-Williams series, is predicted to bind preferentially to cellular ligands over manganese, placing manganese at an apparent disadvantage for co-factor selection in SODs. Nevertheless, Mn-SOD enzymes have evolved methods for avoiding iron and inserting manganese into the active site, a classic example being the mitochondrial manganese Sod2p of S. cerevisiae. In spite of the 50-fold abundance of mitochondrial iron over manganese, Sod2p captures manganese and is virtually impervious to iron inactivation except under rare cases of manganese starvation or with certain yeast mutants of mitochondrial iron overload (1, 13, 14) . Such exclusion of cellular iron appears conserved, as the Mn-SodA from E. coli targeted to yeast mitochondria also acquires manganese over the more abundant metal, iron (14) .
The need to avoid iron may be obviated with SOD enzymes from the Lyme disease pathogen, Borrelia burgdorferi. Elegant studies by Posey and Gherardini have shown that this spirochete fails to accumulate any appreciable iron and does not express any known iron-specific enzymes. The total lack of an iron requirement is advantageous to B. burgdorferi during infection when the host attempts to starve pathogens of iron (15) (16) (17) . B. burgdorferi expresses a single SOD of the Fe/Mn family that is essential for virulence (18) . Based on the apparent lack of cellular iron, B. burgdorferi SodA is proposed to bind manganese (18) , yet direct binding of manganese to B. burgdorferi SodA has not been demonstrated. Two independent studies have investigated the co-factor specificity of B. burgdorferi SodA based on differential H 2 O 2 resistance (Mn-SOD enzymes should be resistant to peroxide), but the findings have been conflicting: one report concludes the SOD binds iron (19) , whereas a more recent study by Troxell and colleagues concludes B. burgdorferi SodA is a Mn-SOD (20) . Furthermore, the implications for a SOD enzyme evolving in an iron-deplete cell have not been examined. Can a SOD enzyme that has only seen manganese still capture its co-factor in an iron-rich cellular environment?
Here we investigate the activity and metal requirement for B. burgdorferi SodA expressed in its native host versus a heterologous iron-philic host, namely the bakers' yeast S. cerevisiae. We find that B. burgdorferi can accumulate remarkably high levels of manganese that are needed to support activity of its SodA. Using a metalloproteomic approach, we demonstrate that B. burgdorferi SodA exists as active Mn-SOD enzyme as well as inactive apoprotein, but does not bind other metals.
When expressed heterologously in the iron-philic host S. cerevisiae, B. burgdorferi SodA is only active when the yeast accumulates vast quantities of manganese that exceed total cellular iron, a condition analogous to the natural B. burgdorferi host. Unlike the homologous Mn-Sod enzymes from yeast and E. coli, B. burgdorferi SodA does not appear to have evolved with the capacity for capturing manganese in an iron-rich environment.
EXPERIMENTAL PROCEDURES
Strains, growth media and plasmids The B. burgdorferi WT strains ML23 and 297 and the bmtA mutant were previously described (18, 21) . All yeast strains were derived from BY4741 and include the isogenic sod1∆::kanMX4, sod2∆::kanMX4 and the sod1∆ sod2∆ mutant AR142 (22) . E. coli strain DH5alpha was used.
B. burgdorferi was typically grown in BSK medium (pH 7.6) supplemented with 6% (v/v) rabbit serum (Sigma) also containing 0.05mg/ml rifampicin, 0.1mg/ml phosphomycin, and 5ug/ml amphotericin b (18) . BSK medium supplemented with synthetic Ex-cyte (Millipore) rather than rabbit serum was prepared precisely as described (15) The pAN002 plasmid for expressing E. coli SodA in the mitochondria of yeast and under the yeast SOD2 promoter and terminator was previously described (14) . Plasmid pDA002 is a derivative of pAN002 in which the SodA coding region of E. coli was replaced with B. burgdorferi SodA. A DNA cassette was synthesized (Celtek Genes) consisting of the open reading frame of B. burgdorferi SodA that was codon-optimized for expression in yeast and engineered to contain flanking NdeI and BglII restriction sites at the start and stop codons respectively. The cassette was inserted into the pGH vector (Celtek Genes) and following digestion with NdeI and BglII, the mobilized cassette was introduced into plasmid pAN002 digested with these same enzymes, replacing the E. coli SodA coding region with B. burgdorferi SodA. In the resultant plasmid pDA002, B. burgdorferi SodA was fused in-frame to the mitochondrial leader sequence (MLS) of S. cerevisiae Sod2p and under the SOD2 gene promoter. Plasmid pSP002 for expressing B. burgdorferi SodA in the yeast cytosol was constructed by removing the MLS in plasmid pDA002. A NdeI site was introduced by oligodirected mutagenesis at the yeast SOD2 start site for translation. Digestion with NdeI and re-ligation resulted in removal of the MLS. All plasmids were verified by DNA sequencing.
Biochemical analyses For preparation of B. burgdorferi cell lysates, cultures of B. burgdorferi were inoculated at a density of 10 4 cells/ml and grown to 3-8 x10 7 cells/ml. Cells were harvested by centrifugation at 3200xg at 4 o C, and washed twice in PBS and twice in metal free deionized water prior to resuspension in lysis buffer containing 10mM sodium phosphate pH 7.8, 5 mM EDTA, 5 mM EGTA, 50 mM NaCl, 0.45% (v/v) NP40. Cells were lysed in a TissueLyser using 0.7 mm zirconium oxide beads (3 cycles at 50Hz for 3 min interspersed with 3 min on ice). Lysates were then clarified by centrifugation at 20,000xg for 10 min at 4°C. To prepare lysates for native and denaturing gel analyses, 45 ml cultures were used and cells were lysed in 150 µl lysis buffer also containing 10% (v/v) glycerol. For large-scale lysate preparations as required for multi-dimensional chromatography (see below), 600 ml cultures were used, and cells were lysed in 2.0 mls buffer lacking glycerol. E. coli lysates for metal analysis were prepared as described above for B. burgdorferi, using E. coli grown in BSK medium at 37 o C to OD 600 ≈2.0. S. cerevisiae lysates were prepared from strains grown nonshaking for 20 hrs in YPD medium to a final OD 600 of ≈1.0 -5.0. Cells were lysed by glass bead homogenization as described (23) , except the lysis buffer also contained 10% (v/v) glycerol. In all cases, protein concentration was determined by Bradford.
For measurements of SOD protein and activity, lysates from S. cerevisiae or B. burgdorferi were partially enriched for SODs by heating at 42°C for 20 min followed by centrifugation at 20,000xg. This treatment removes ≈30% of total cellular protein with no loss in activity or protein levels of Cu/Zn SODs or the Mn SodAs of B. burgdorferi or E. coli. SOD activity was carried by the native gel assay (14, 24) . Lysates from B. burgdorferi (2.5 -25 µg cellular protein) or from S. cerevisiae (50-75 µg) were subjected to native gel electrophoresis using 12% precast gels (Invitrogen) and staining with nitroblue tetrazolium (NBT) as described (14, 24 For iron and manganese analysis by Inductively coupled plasma mass spectrometry (ICP-MS), 10 9 -10 10 B. burgdorferi cells grown and harvested as above were washed twice in TE and once in metal free milliQ water. As a blank control, the same volume of BSK medium incubated in parallel but with no cells was subjected to the identical centrifugation and washing treatments. The no cell control and B. burgdorferi pellet were heated in nitric acid and clarified by centrifugation as described above for AAS. Samples were diluted 1:30 in metal free milliQ H 2 O and analyzed by ICP-MS (Agilent 7500ce; Johns Hopkins NIEHS Center Core facility).
Any elements detected in the blank control were subtracted from the B. burgdorferi sample. Under these conditions, there was no iron that could be detected above background in B. burgdorferi. ICP-MS analyses of whole yeast cells and E. coli were carried out in the same manner using 10 8 S. cerevisiae cells grown in YPD or 10 8 E. coli cells grown in BSK.
Multi-dimensional chromatography for metal analysis of B. burgdorferi SodA.
Soluble B. burgdorferi lysates were diluted in TRIS buffer (50 mM, pH=8.8) and loaded onto an anion exchange column (1 mL HP HiTrap Q, GE Healthcare Life Sciences) at 0.5 mL/min. Proteins were eluted with 0.1, 0.2, 0.3, 0.4, 0.5, and 1 M sodium chloride TRIS buffer (50 mM, pH=8.8) solutions. The 0.3 and 0.4 M NaCl elutions were concentrated using 3000 MWCO spin columns (VIVASPIN 500, Sartorius Stedim Biotech) then injected onto a size exclusion column (0.5 mL/min, 10 mM TRIS buffer, 50 mM NaCl, pH=7.5, TSKgel G3000SWXL, TOSOH Bioscience) with fractions collected each minute. Aliquots of each eluted fraction were prepared for proteomic and ICP-MS mass spectrometry analyses. Proteomic samples were digested with trypsin (Trypsin Gold, Promega Corp.). For elemental analysis by ICP-MS each fraction aliquot was diluted 1:4 into 5% (v/v) nitric acid containing 1ppb In as an internal standard. ICP-MS analysis was performed on a Thermo Element 2 with an Aridus spray chamber (CETAC Technologies) with external calibration by plasma standards (SPEX CertiPrep Ltd.) and correction for matrix effects by In normalization.
LC/MS samples were concentrated onto a peptide cap trap and rinsed with 150uL 0.1% formic acid and 5% acetonitrile (v/v) in water, before gradient elution through a reversed phase Magic C18 AQ column (0.1 x 150 mm, 3 μm particle size, 200 Å pore size, Michrom Bioresources Inc.) on an Advance HPLC system (Michrom Bioresources Inc.) at a flow rate of 500 nL/min. The chromatography consisted of a gradient from 5% buffer A to 95% buffer B for 80 min, where A was 0.1% formic acid in water and B was 0.1% formic acid in acetonitrile. A LTQ linear ion trap mass spectrometer (Thermo Scientific Inc.) was used with an ADVANCE CaptiveSpray source (Michrom Bioresources Inc.). The LTQ was set to perform MS/MS on the top 5 ions using data-dependent settings, and ions were monitored over a range of 400-2000 m/z. Protein identifications were conducted using SEQUEST (Bioworks Version 3.3, Thermo Inc.) using filters of delta CN >0.1, >30% ions, Xcorr vs charge state of 1.9, 2.4, 2.9 for +1, +2, and +3 charges, respectively, and peptide probability of <1e-3. Protein identifications and relative protein abundances in each fraction (as normalized spectral counts) were also determined using Scaffold using protein and peptide probability settings of 99.9% and 95% and two tryptic peptides, respectively (Proteome Software, Version 3.5.1).
RESULTS
Activity of SodA in its native B. burgdorferi host B. burgdorferi can be cultured outside the host in the laboratory using a serum-rich "BSK" growth medium. In these conditions, B. burgdorferi is seen to express a single SodA superoxide dismutase whose activity can be detected by a native gel assay ( Fig. 1A and (18-20) . To test whether SodA expression was dependent on serum factors, we replaced the 6% rabbit serum with Excyte, a synthetic substitute (15) . As seen in Fig.  1A , there is no change in SodA protein levels or enzymatic activity in cells cultured with synthetic Ex-cyte supplements, indicating activity is not dependent on serum protein factors. We also examined effects of variations in growth conditions that have been reported to mimic the environment of the tick host, namely growth at pH 7.6, 23 o C and at pH 6.7, 37 o C, to simulate the unfed and post-blood meal conditions, respectively (25) . As seen in Fig. 1B , B. burgdorferi SodA protein levels and activity are maximal under the laboratory conditions thought to best simulate the post-blood meal state.
Direct association of manganese with B. burgdorferi SodA
Based on the virtual absence of iron in B. burgdorferi, SodA is most likely a manganese enzyme, and this notion has been supported by recent studies examining peroxide resistance of the SOD (20) . As seen in Fig. 1C 1C, far right panel) . However, peroxide resistance is not definitive proof of manganese binding, as Fe-SOD enzymes can also be characterized as somewhat peroxide-resistant. As seen in Fig. 1C , both Fe-and Mn-SODs retain activity with mM levels of H 2 O 2 that inactivate Cu/Zn Sod1p. Hence, more direct methods of metal analysis are required. To this end, we carried out a metalloproteomic approach (26) (27) (28) (29) (30) to identifying the co-factor associated with B. burgdorferi SodA.
Soluble B. burgdorferi lysates were resolved by two-dimensional (strong anion exchange and size exclusion) chromatography under non-denaturing conditions (31) and fractionated proteins were digested with trypsin and identified by reversed-phase LC/MS and linear trap MS. Figure 2 shows results from resolution of the 300 and 400 mM ion exchange fractions found to contain the SodA polypeptide. The peak of SodA protein identified by mass spectrometry in fractions 18,19 ( Fig. 2A top) retained full enzymatic activity (Fig. 2B) ; hence the SOD retained its metal co-factor during fractionation. A shoulder of SodA protein eluting in fraction 20 ( Fig. 2A top) was devoid of enzymatic activity (Fig. 2B ) and may be missing metal co-factor. Indeed by ICP-MS, there is a well-defined manganese peak that co-eluted with active SodA in fractions 18 and 19, but not with inactive SodA in fraction 20; moreover, there was no clear association between SodA and iron ( Fig.  2A, B) . Likewise, zinc and copper failed to associate with the SodA protein (not shown). SodA was the only protein that closely overlapped this manganese peak. While there was a partial overlap with a fructose bis aldolase and EF-2 translation initiation factor in fraction 18, this could not account for the manganese signal in fraction 19 ( Fig. 2A, C) . Together these results demonstrating a tight association between active SodA enzyme and manganese (but not iron) establish SodA as a manganese-dependent SOD.
It is noteworthy that in addition to the SodA-containing peak in manganese, there was a second manganese peak eluting earlier by size exclusion (Fig. 2A) . This second peak completely overlaps with a B. burgdorferi aminopeptidase (BB0366) that, in various organisms, uses iron, zinc, or manganese as a co-factor (32) (33) (34) (35) . This study underscores the power of multi-dimensional chromatography coupled to quantitative proteomics in identification of metal-protein partnerships.
SodA is active in a manganese-rich, iron-free host
Posey and Gheridini have reported that B. burgdorferi is virtually free of cellular iron (15), and we have confirmed these findings using ICP-MS (Fig. 3A) . In the course of these metal analyses, we noted the spirochete accumulates unusually high levels of manganese. As seen in Fig. 3A , B. burgdorferi accumulated two orders of magnitude higher levels of manganese per cell than E. coli grown in BSK medium in parallel. This high level of manganese was seen with both the ML23 and the 297 strain backgrounds and by metal analysis with both AAS and ICP-MS (Fig.  3A and 3C ). Because cell volumes for the spirochete are difficult to estimate, we normalized manganese on the basis of soluble cellular protein and compared values in B. burgdorferi, E. coli and the eukaryote, bakers' yeast. Yeast and E. coli are reported to accumulate similar µM concentrations of manganese (10,11), and we also find similar manganese levels in these organisms when analyzed per mg protein (Fig. 3B ). By comparison, the level of manganese that accumulated in B. burgdorferi was two orders of magnitude higher (Fig. 3B) .
The exceptionally high level of manganese in B. burgdorferi is required for maximal SodA activity. When the manganese transporter BmtA is deleted in B. burgdorferi, there is a one to two orders of magnitude drop in cellular manganese (21) to levels within the range of WT E. coli (Fig. 3C top) . This drop in manganese results in inactive SodA (Fig. 3D top) . Unlike previous findings by Troxell and colleagues (20) , we observe no change in B. burgdorferi SodA protein levels with this loss in enzymatic activity. Hence high manganese is required to activate the enzyme and not regulate expression of SodA. We also addressed the effects of raising intracellular manganese on B. burgdorferi SodA activity. Manganese levels can double by growing B. burgdorferi in the presence of 10 µM MnCl 2 (severe toxicity ensues above this) (Fig. 3C bottom) , but this rise in manganese does not increase the enzymatic activity nor protein levels of B. burgdorferi SodA (Fig. 3D  bottom) . The enzyme appears maximally activated in the manganese rich environment of B. burgdorferi without additional metal supplements.
Expression of B. burgdorferi SodA in an ironphilic host: S. cerevisiae
Manganese containing SOD enzymes are fairly well-conserved in evolution (2), as illustrated in the alignment of MnSODs from B. burgdorferi, E. coli and yeast (Fig. 4A ). Yet unlike B. burgdorferi, the environment of E. coli and yeast would seem hostile to activation of a Mn-SOD enzyme. These organisms are iron-philic and accumulate intracellular levels of iron that far exceed manganese (10, 36) . Can a SOD that evolved in a manganese rich environment acquire its co-factor in an iron rich host? To address this, we expressed SodA in the mitochondria of S. cerevisiae where manganese activation of SOD enzymes has been well characterized (13, 14, 37, 38) .
B. burgdorferi SodA codon-optimized for expression in yeast was fused to the mitochondrial leader sequence (MLS) of yeast Sod2p (indicated in Fig. 4A ) and placed under control of the yeast SOD2 promoter. Expression of SodA was first analyzed in the background of a sod1∆ yeast to avoid interference from yeast Cu/Zn Sod1p that migrates to similar positions on the native gel for SOD activity (see Fig. 1C ). As seen in Fig. 4B , sod1∆ cells co-expressing the endogenous yeast Sod2p and B. burgdorferi SodA in the mitochondria only exhibited activity of the endogenous yeast Mn Sod2p (lane 7). However, B. burgdorferi SodA activity was gained with high levels of manganese (lanes 9-12) that were toxic to yeast as indicated by growth inhibition (Fig. 4B  bottom) . This dependence on high manganese for SodA activity was not due to oxidative damage from expression in the sod1 null strain, as similar results were obtained in WT yeast where Cu/Zn SOD activity on the native gel was eliminated by peroxide treatment (Fig. 5A) . Moreover, the yeast mitochondrial Sod2p does not compete with B. burgdorferi SodA for manganese, as B. burgdorferi SodA activity was not increased in sod2∆ null mutants (Fig. 5A, middle panel) . B. burgdorferi SodA exhibits 46% identity with the SodA from E. coli (Fig. 4A ), yet E. coli SodA driven by the same yeast SOD2 promoter and MLS is not similarly dependent on toxic manganese for activity (Fig. 5B) as was previously published (14) . Thus, the requirement for high manganese is not a general feature of bacterial Mn-SOD enzymes. In the case of B. burgdorferi SodA, high manganese is also needed for protein expression (Fig. 5C middle) . This is not a transcriptional effect because yeast Sod2p driven by the same SOD2 promoter remains constant with manganese (Fig. 5C bottom) . Instead, manganese activation of B. burgdorferi SodA seems to stabilize the protein expressed in yeast mitochondria.
We also tested the effects of expressing B. burgdorferi SodA in the cytosol of S. cerevisiae by deleting the MLS for targeting to the mitochondria.
As seen in seen Fig. 6 , B. burgdorferi SodA in the cytosol exhibited the same dependence on high manganese for protein expression and enzymatic activity as was seen with mitochondrial-expressed SodA. Identical results were obtained with expression in a WT strain and in a yeast sod1∆ mutant where B. burgdorferi SodA represents the sole SOD enzyme of yeast cytosol (Fig. 6) . We sought to determine the level of intracellular manganese required to activate the heterologous B. burgdorferi SodA in yeast. Both mitochondrial and cytosolic-expressed B. burgdorferi SodA require roughly 500 µM extracellular manganese to detect any activity, and this reflects a 50-100-fold increase in intracellular accumulation of manganese (Fig.  7A) . Interestingly, treatment with high manganese also results in a drastic reduction in cellular iron levels (Fig. 7A) , perhaps due to competing effects of manganese on iron uptake.
We tested whether the loss in cellular iron seen with high manganese contributes to the activation of B. burgdorferi SodA in yeast. Iron levels in yeast cells can be lowered by treatment with the iron chelator, bathophenanthroline disulfonate (BPS) (14) , and as seen in Fig. 7A , BPS effectively lowered cellular iron levels by 25-fold without changes in intracellular manganese. This lowering of iron was sufficient to induce activity of a yeast Mn-SOD expressed in yeast cytosol and also increased activity of mitochondrial yeast Sod2p (Fig 7B) consistent with the notion that a certain pool of yeast Sod2p is iron-bound inactive enzyme (13, 14) . It is noteworthy that the cytosolic version of S. cerevisiae Sod2p is more strongly activated by manganese than by BPS compared to endogenous mitochondrial Sod2p (Fig. 7B) . Apparently in the cytosol where manganese is limiting, iron depletion on its own cannot maximally activate S. cerevisiae Sod2p. Although BPS was effective in increasing activity of yeast Sod2p, it failed to activate the B. burgdorferi SodA enzyme or stabilize the SodA polypeptide expressed in either the cytosol (Fig. 7B, bottom; Fig. 7C, lane 2) or in the mitochondria of yeast (Fig. 7C , compare lanes 5 and 6). BPS also did not enhance the effects of high manganese in activating B. burgdorferi SodA (Fig. 7C, compare lanes 3 and 4, and lanes 7 and  8) . Therefore, lowering cellular iron is by itself insufficient to activate B. burgdorferi SodA and high levels of manganese are essential. It is noteworthy that the high manganese:iron ratio required to activate B. burgdorferi SodA in yeast is not unlike the situation in the native B. burgdorferi host, where manganese levels are exceedingly high and iron is virtually absent.
DISCUSSION
B. burgdorferi has uniquely evolved without a cellular requirement for iron, and we show here that the organism accumulates high levels of manganese compared to other more ironphilic organisms such as E. coli and S. cerevisiae. This environment of high manganese and a virtual absence of iron is well-suited for activation of a manganese SodA. Through a metalloproteomic approach, we firmly establish SodA as a manganese enzyme and show that in Borrelia, the active enzyme is bound to manganese while a smaller pool of inactive enzyme is apo, not bound to any other metal. By comparison, the Mn-SODs from other organisms such as yeast, E. coli and human can bind intracellular iron (5, 6, (39) (40) (41) . We have no evidence for iron binding to B. burgdorferi SodA in either its native spirochete host or in the iron-rich environment of yeast mitochondria. In addition, B. burgdorferi SodA activity requires exceedingly high levels of intracellular manganese. When expressed in S. cerevisiae, the enzyme is only active when manganese levels exceed mitochondrial iron, conditions that simulate the native B. burgdorferi host.
The accumulation of unusually high manganese in B. burgdorferi that we report here has not been previously documented, although our values are very similar to those published by Ouyang et al (21) . In studies by Posey and Gherardini, the manganese in B. burgdorferi cell lysates was reported to be only 2-3-fold higher than that of E. coli (15) and might reflect differential growth conditions used, as our cells were grown to near stationary phase. In any case, our findings clearly demonstrate a tremendous capacity for manganese uptake without toxicity in this spirochete. In fact, in our preliminary studies comparing manganese across various species (not shown), the levels of the metal in whole cell B. burgdorferi are comparable to L. plantarum, notoriously known for hyper-accumulating manganese, without a SOD enzyme (42) .
The high manganese in B. burgdorferi may serve dual purposes in the adaptation of this pathogen. First, in the absence of iron-requiring enzymes, manganese may be more widely used as a co-factor. Consistent with this, we observe a close association with B. burgdorferi manganese and an aminopeptidase ( Fig. 2A) , a metalloenzyme that employs iron in other organisms (35) . Moreover, the ability of B. burgdorferi to accumulate high manganese may represent yet another fascinating adaptation of the organism to the metal starvation response of innate immunity. When infected, the host not only systemically starves pathogens of iron (16, 17) , but macrophages and neutrophils attempt to limit manganese bioavailability for the invading species (43) (44) (45) . High manganese is essential for virulence in B. burgdorferi (21) and SodA may only be part of the story. Non-proteinaceous complexes of manganese to small metabolites (so-called Mnantioxidants) are receiving increasing attention as critical factors in microbial oxidative stress resistance and pathogenesis (1, (46) (47) (48) (49) (50) (51) .
Very recently, Wang et. al have reported iron accumulation in B. burgdorferi (52) . This report appears in direct conflict with the previous findings of Posey and Gherardini (15) and with our ICP-MS analysis of iron. The basis for the iron reported by Wang et al. cannot be reconciled at this time but might reflect the differential extraction methods used for metal analysis. Alternatively, under certain non-standard laboratory conditions, the bacteria may be capable of iron uptake.
Lastly, why does B. burgdorferi SodA require such high levels of cellular manganese for activity? Currently there are no structural data available on B. burgdorferi SodA, however, we were able to generate a computer assisted model of B. burgdorferi SodA using MODELLER (53) based on known structures of E. coli SodA and S. cerevisiae Sod2p. A comparison of the active site regions of E. coli and B. burgdorferi SodA molecules is shown in Fig. 8A . The manganese coordination site is identical between the two SODs, however several interesting features emerge. For example, the second sphere residue F34 in B. burgdorferi SodA is a tyrosine in Mn-SOD molecules ranging from bacteria (e.g., E. coli, D. radiodurans) to fungi (S. cerevisiae), invertebrates (C. elegans, D. melanogaster) and mammals (Fig. 8B) . Y34 is well-known is participate in a hydrogen bonding network at the active site (simulated in Fig. 8A ), and in fact the Y34F derivatives of human and yeast Mn-SOD have been analyzed in detail and shown to dramatically alter the kinetics of the SOD reaction, disrupting the "prompt protonation pathway" (54) (55) (56) . However, there were no reports of Y34F affecting manganese binding in human and yeast Mn-SOD. Thus, the unique F34 in B. burgdorferi SodA may well account for some enzyme catalysis effects, but not the requirement for high manganese. A second noteworthy residue in B. burgdorferi SodA is Y84 which is a phenylalanine in other Mn-SOD enzymes (Fig. 8B) . As seen in Fig. 8A , the model predicts that Y84 forms nearly an ideal hydrogen bond with Y181 which could potentially occlude access of manganese to the active site. Such an occlusion would be consistent with the conformationally gated metal uptake mechanism proposed for Mn-SOD molecules (57) . However, we observed that the single Y84F substitution in B. burgdorferi SodA did not alter the requirement for high manganese (data not shown), indicating that other residues of B. burgdorferi SodA must be involved.
Our structural model will provide a useful guide in unraveling the unique properties of the enzyme that force its requirement for high manganese 
